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We provide an estimation of the heat output necessary to generate the neutrally buoyant plume above the TAG
hydrothermal mound, Mid-Atlantic Ridge, located at 26◦N, using a model of plume rise in a density-stratiﬁed
environment with crossﬂow. The estimated heat output is 460 ± 40 MW. Previous studies have estimated that
the heat outputs from high-temperature hydrothermal discharge and low-temperature diffuse ﬂow at the TAG
hydrothermal mound are 90 ± 20 MW and at least 780 MW, respectively. Consequently, the contribution of
diffuse ﬂow to make the neutrally buoyant plume is 370± 60 MW, which accounts for approximately 80% of the
heat output to the neutrally buoyant plume. As this contribution is less than 50% of the total heat output from
the diffuse ﬂow, it is likely that more than 50% of the heat output from the diffuse ﬂow dissipates in the ambient
current.
Key words: Heat output, neutrally buoyant plume, high-temperature hydrothermal discharge, low-temperature
diffuse ﬂow, TAG hydrothermal mound.
1. Introduction
Heat supplied to mid-ocean ridges from the mantle
causes hydrothermal circulation within the oceanic crust
(e.g., Kelley et al., 2002; Kawada et al., 2004). One
expression of this circulation takes the form of the high-
temperature hydrothermal ﬂuid discharged from chimneys.
This ﬂuid will rise because its buoyancy is positive relative
to that of ambient seawater. As this ﬂuid rises, it produces a
“buoyant plume” (e.g., Morton et al., 1956), which rises to a
height at which the positive buoyancy of the ﬂuid vanishes;
at this point, it becomes a “neutrally buoyant plume”.
The height of a neutrally buoyant plume depends on am-
bient temperature and salinity gradients, crossﬂow velocity,
and the heat output at the seaﬂoor. Heat outputs from hy-
drothermal systems have been estimated based on the nature
of the neutrally buoyant plume as well as from direct mea-
surements at the seaﬂoor. For example, on the Endeavour
segment of the Juan de Fuca Ridge, heat output estimated
from neutrally buoyant plumes exceeds 1000 MW (e.g.,
Baker and Massoth, 1987). In contrast, total heat output as-
sociated with high-temperature hydrothermal discharge on
the Endeavor segment is estimated as only a few hundred
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MW (Bemis et al., 1993; Ginster et al., 1994). A proba-
ble source of such differences is the contribution of low-
temperature diffuse outputs to the neutrally buoyant plume.
However, the size of the contribution of the heat released
from the diffuse venting sources to the neutrally buoyant
plume is still unclear.
The TAG hydrothermal mound of the Mid-Atlantic
Ridge, located at 26◦N (Fig. 1), is an extensively stud-
ied active hydrothermal system. This mound is isolated
from other high-temperature hydrothermally active sites,
and a neutrally buoyant plume exists above the mound
(Rudnicki and Elderﬁeld, 1992). Active, high- and low-
temperature hydrothermal sources have been identiﬁed in
the well-mapped area (e.g., Tivey et al., 1995), and heat
outputs from high-temperature hydrothermal discharge and
low-temperature diffuse ﬂow have been estimated. Goto
et al. (2003) analyzed temperatures measured with three
50-m-high thermistor arrays that were deployed around the
vents of the main black smoker chimney at this mound from
August 1994 to March 1995. By selecting plume tempera-
ture proﬁles inferred to be less affected by ambient current
and using a model of plume rise in the stagnant condition of
Morton et al. (1956), these researchers estimated the heat
output from the chimney to be 90 ± 20 MW (error: 95%
conﬁdence limit) during the ﬁrst month. Schultz and Elder-
ﬁeld (1997) deployed a diffuse ﬂow monitoring system on
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Fig. 1. Bathymetric map of the TAG hydrothermal mound (bathymetric
data from Humphris and Kleinrock (1996)). Gray square indicates the
position of the Manatee, solid circles are the positions where Shinkai
6500 passed through the TAG neutrally buoyant plume. Insert is an
index map of the location of the TAG hydrothermal mound.
the TAG hydrothermal mound in September 1994 and mon-
itored the temperature and velocity of the low-temperature
diffuse ﬂow. Based on their measurements, they estimated a
lower limit on the total heat output associated with a diffuse
ﬂow at 780 MW.
In this study, we estimated the heat output that generates
the neutrally buoyant plume above the TAG hydrothermal
mound from CTDV (conductivity, temperature, depth, and
sound velocity) and current data, using a model of plume
rise in a density-stratiﬁed condition with crossﬂow (Mid-
dleton, 1986). Our new estimate is then used to estimate the
heat output from low-temperature sources that contribute to
the neutrally buoyant plume by comparing with previous
heat output estimates.
2. Instrumentation
2.1 CTDV system of Shinkai 6500
The submersible Shinkai 6500 has a CTDV measurement
system (Tsurumi Seiki Co., Japan) that it uses to survey
oceanographic parameters in the water column. The accura-
cies of these sensors are ±0.02 mS cm−1 for conductivity,
±0.02 K for temperature, ±0.25 dbar (2.5 × 103 Pa) for
pressure, and ±0.2 m s−1 for sound velocity.
During July–August 1994, the MODE’94 Leg 2 cruise
was carried out to survey hydrothermal activity at the TAG
hydrothermal mound (Fujioka et al., 1997). During this
cruise, Shinkai 6500 carried out 15 dives, and CTDV data
were obtained continuously during the operations. The
sampling intervals varied between 1 and 5 s.
2.2 Stationary deep seaﬂoor observatory “Manatee”
The long-term deep seaﬂoor observatory platform “Man-
atee” contains various instruments to monitor seaﬂoor hy-
drothermal activity (Fujioka et al., 1997). In this study, cur-
rent data measured with the electromagnetic current meter
(ACM-8M; Alec Electronics) are used. The accuracy and
resolution are ±2% and 0.1 cm s−1 in current speed and
±2◦ and 0.1◦ in direction, respectively. During August 6–
21, 1994, Manatee was deployed on the NE part of the TAG
hydrothermal mound (Fig. 1); the current meter was located
approximately 3 m above the seaﬂoor (sampling interval:
30 min).
3. Plume Model
We assume that a buoyant plume rises in a density-
stratiﬁed seawater with a crossﬂow of constant velocity and
that the otherwise vertically ascending plume is “bent” by
the crossﬂow. The maximum rise height at the center of the







where U is the crossﬂow velocity and N is the Brunt-
Va¨isa¨la¨ frequency. Fs is the initial buoyancy ﬂux deﬁned
as
Fs = b02w0 p0 = V0
π
p0 (2)
where b0 is the radius of plume source, w0, V0, and p0 are
the velocity, volume ﬂux, and buoyancy, respectively, of the
plume ﬂuid at the source exit. The buoyancy p0 is expressed
as (Morton et al., 1956)
p0 = αg	T (3)
where g is the gravity acceleration, α is the thermal expan-
sion coefﬁcient of plume ﬂuid, and 	T is the temperature
difference between plume ﬂuid and ambient seawater. Heat
output H is given as
H = ρ0 cpV0	T (4)
where ρ0 and cp are the density and speciﬁc heat, respec-
tively, of the plume ﬂuid. Using Eqs. (2) and (3), Eq. (4) is
re-expressed as
H = πρ0 cpFs
αg
(5)
The estimate of heat output to make the TAG neutrally
buoyant plume using the above equations is as follows.
First, Fs is estimated from zmax obtained from CTDV data
and U measured with current meter using Eq. (1). Using
Eq. (5), H is then calculated from the estimated Fs . In
this calculation, we assume ρ0 = 1043 kg m−3, cp =
4100 J kg−1 K−1, α = 1.48×10−4◦C−1, and g = 9.8 m s−2.
Goto et al. (2003) estimated N from six CTDV proﬁles that
show no inﬂuence from the TAG neutral buoyant plume, as
shown in Fig. 2(a) and Fig. 3(a) (see Section 4.2 in detail).
The estimated N is a constant value, 8.96±0.37×10−4 s−1.
In this study, we use N = 8.96 × 10−4 s−1 for estimating
heat output.
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Fig. 2. Vertical proﬁles of potential temperature θ , salinity S, and potential density σ2. (a) Proﬁles of θ , S, and σ2 in the ambient water column (Shinkai
6500 Dive no. 223). (b) Proﬁles of θ , S, and σ2 in the water column in the case that Shinkai 6500 passed through the TAG neutrally buoyant plume
(Shinkai 6500 Dive no. 221).
4. Measurements
4.1 Bottom-water current at the TAG hydrothermal
mound
Manatee monitored current direction and velocity for 16
days (August 6–21, 1994). As the nature of the current
has been discussed by Kinoshita et al. (1998) in detail, we
review it here only brieﬂy. In the monitoring period, the
bottom-current ﬂow from east to northwest was commonly
measured. However, the variation in direction, observed pe-
riodically at 12-h intervals, is asymmetric in that it changes
rapidly from westward to eastward, then gradually returns
to westward. The minimum, maximum, and average cur-
rent velocities over the measurement period are 1.0, 28.3,
and 7.3 cm s−1, respectively. Fourier analysis of current
velocity indicates that the period of the most conspicuous
peak in the spectral density is about 12 h. Therefore, the
bottom-current ﬂow was probably mostly modulated by the
semi-diurnal ocean tides in the region.
4.2 Water column survey using CTDV system of
Shinkai 6500
Temperature and salinity in the water column decrease
with depth in the deep Atlantic Ocean. Speer and Rona
(1989) showed that the temperature and salinity of the neu-
trally buoyant plume in the deep Atlantic Ocean are cooler
and fresher, respectively, than those of ambient seawater at
the same depths. The reason for this is that the plume ﬂuid
is diluted with ambient seawater during its rise and this am-
bient seawater is fresher and colder than the neutrally buoy-
ant height. CTD proﬁles taken within a lateral distance of
50 m from the center of the high temperature venting of
the TAG hydrothermal mound showed negative temperature
and salinity anomalies in the intervals where the TAG neu-
trally buoyant plume exists (Rudnicki and Elderﬁeld, 1992).
Figure 2 shows examples of vertical proﬁles of potential
temperature θ , salinity S, and potential density σ2 that were
measured with the CTDV system onboard Shinkai 6500.
To identify the TAG neutrally buoyant plume in such pro-
ﬁles, we used a T-S diagram, which is a tool used when
studying the mixing of seawater with hydrothermal ﬂuid. In
Fig. 2(a), σ2 increases monotonically with depth, and both
θ and S decrease with depth in the water column shallower
than 3580 m. Figure 3(a) shows the T-S diagram for θ and
S used in Fig. 2(a). There is no signiﬁcant signal that shows
a mixing of seawater with hydrothermal ﬂuid that would be
representative of the background proﬁles in the depth inter-
val. On the other hand, there are variable anomalies of θ ,
S, and σ2 in the water column between the depths of 3580
and 3610 m, suggesting that Shinkai 6500 passed through a
buoyant plume derived from the TAG hydrothermal mound.
Figure 2(b) shows the θ , S, and σ2 proﬁles obtained by
Shinkai 6500 as it passed through the neutrally buoyant
plume. The θ in the water column at depths between 3219
and 3389 m can be seen to be cooler than that extrapolated
from the trend of the proﬁle over the interval. Further-
more, S in the water column in the same depth interval is
fresher than that expected from the trend over the interval.
As shown in Fig. 3(a), the θ -S relation shows signiﬁcant de-
viations from the background trend within the depth interval
where cooler θ and fresher S are observed, indicating that
the neutrally buoyant plume occupied the depth interval.
1144 S. GOTO et al.: CONTRIBUTION OF HYDROTHERMAL SOURCES TO THE TAG NEUTRALLY BUOYANT PLUME
Fig. 3. Plots of the θ -S relation. (a) θ -S relation in water column between
2700 and 3580 m in Fig. 2. (b) θ -S relation in water column between
2700 and 3570 m in Fig. 2(b).
In Fig. 2(b), there are various anomalies of θ , S, and σ2
in the water column at depths of greater than 3570 m, sug-
gesting the presence of a buoyant plume from the TAG hy-
drothermal mound. As mentioned above, salinity in the wa-
ter column in the deep Atlantic Ocean decreases with depth.
However, S in the water column between 3389 and 3570 m
increases with depth. The θ -S relation within this interval
is quite different from those for the background and TAG
neutrally buoyant plume (Fig. 3(b)). The salinity of hy-
drothermal ﬂuid of the TAG hydrothermal mound is higher
than that of ambient seawater (James and Elderﬁeld, 1996).
Thus, the ﬂuid within this interval most likely consists of a
mixture of hydrothermal ﬂuid and ambient seawater.
5. Results
To identify the TAG neutrally buoyant plume from
anomalies in the θ and S proﬁles (e.g., Fig. 2(b)), we used
the criterion that the position where Shinkai 6500 passed
through the neutrally buoyant plume is within 200 m of the
main venting at the mound (Fig. 1); otherwise, anomalies
of θ and S are too small as a result of mixing with ambi-
ent seawater. On this basis, six pairs of upper and lower
boundary depths of the TAG neutrally buoyant plume were
identiﬁed. These depths were then converted into heights
above the TAG hydrothermal mound. The heights of the
upper, lower, and their middle points of the observed TAG
neutrally buoyant plume are given in Table 1. The average
current velocities measured with Manatee within 1 h before
Table 1. Heights of the TAG neutrally buoyant plume and crossﬂow
velocities.
Shinkai 6500 Height (m)a
Crossﬂow
velocity
Dive Upper Lower Middle (cm s−1)
No. boundary boundary point
219 406.2 228.8 317.5 10.2 ± 0.6
(ascending)
221 430.8 261.5 346.2 8.9 ± 0.3
(ascending)
222 460.3 320.5 390.4 6.8 ± 0.6
(ascending)
223 446.0 256.2 351.1 7.0 ± 0.4
(ascending)
224 497.5 282.8 390.2 6.1 ± 0.9
(ascending)
225 438.0 282.1 360.1 6.4 ± 0.3
(ascending)
aHeight to the water depth of the neutrally buoyant plume above the upper
terrace of the TAG hydrothermal mound (depth: 3650 m).
Fig. 4. Height of the middle point of the observed TAG neutrally buoyant
plume versus current velocity. The right-side axis indicates the depth
corresponding to the height above the TAG hydrothermal mound in the
left-side axis. The thick solid curve is the best ﬁtting line to estimate
heat output to make the TAG neutrally buoyant plume. Dashed lines
indicate 95% conﬁdence limits on the best ﬁtting line.
Shinkai 6500 passed through the neutrally buoyant plume
are also listed in Table 1. Figure 4 shows the plots of the
middle point height of the TAG neutrally buoyant plume
versus current velocity. The height of the neutrally buoyant
plume decreases with increasing current velocity.
We assume that the observed heights of the middle point
of the TAG neutrally buoyant plume correspond to those of
the plume center in response to the observed current veloc-
ities. Using the equations shown in Section 3, we estimated
a heat output to determine the neutrally buoyant plume from
the heights and current velocities. Figure 4 shows the plot
of the best-ﬁt curve and its 95% conﬁdence limits. Our best
estimate of the heat output is 460 ± 40 MW (error: 95%
conﬁdence limit), which is signiﬁcantly large compared to
the heat output of 90 ± 20 MW from the high-temperature
hydrothermal discharge of the TAG hydrothermal mound
(Goto et al., 2003).
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Fig. 5. Schematic model of partitioning of heat outputs from high- temperature hydrothermal discharge and low-temperature diffuse ﬂow at the TAG
hydrothermal mound.
There are a number of possible uncertainties in the ob-
served U , zmax, and N that are derived from potential un-
certainties in the measurement positions and sampling in-
tervals. Here we evaluate how the possible uncertainties
of these parameters affect our heat output estimate. We
assumed in the estimate of heat output that the observed
middle point heights of the TAG neutrally buoyant plume
correspond to those of the plume center. A height uncer-
tainty of ±10 m will result in an uncertainty of approxi-
mately 9% in the heat output estimate. Plume rise depends
sensitively on the density stratiﬁcation in the water column.
In this study, we used an N of ambient seawater that was
estimated at 8.96 ± 0.37 × 10−4 s−1 (Goto et al., 2003).
The estimation error of N will result in an error of 9% in
the heat output estimate. The current data used in the heat
output estimate was measured at approximately 3 m above
the seaﬂoor. There is a possibility that the velocity of the
current higher in the water column was different from that
measured. Assuming current velocity values that differed
from the measured ones by ±10%, we then calculated heat
output. Consequently, the calculation yields heat output val-
ues that differ by ±10% from our best estimate.
6. Discussion and Conclusions
Goto et al. (2003) estimated the heat output from the
high-temperature hydrothermal discharge at the TAG hy-
drothermal mound in August 1994 to be 90±20 MW (error:
95% conﬁdence limit). This heat output is only 14–26%
of that estimated from the TAG neutrally buoyant plume
(460 ± 40 MW). Lavelle and Wetzler (1999) examined
Al concentration distributions in the TAG main plume by
three-dimensional plume modeling that takes crossﬂow into
account and compared the results with Al concentration
data obtained near the TAG hydrothermal mound (Lunel
et al., 1990). Lavelle and Wetzler (1999) indicated that
the contribution of the Al concentration anomaly in the
neutrally buoyant plume from low-temperature diffuse ﬂow
is much greater than that from the high-temperature hy-
drothermal discharge. Thus, we conclude that a heat out-
put from diffuse sources (370 ± 60 MW) accounts for the
difference between the heat outputs estimated by Goto et
al. (2003) and this study. This contribution from diffuse
sources is approximately 80% of the heat output to the neu-
trally buoyant plume.
What proportion of the heat output from the diffuse
venting sources contributes to the TAG neutrally buoy-
ant plume? Schultz and Elderﬁeld (1997) estimated the
lower limit on the total heat output associated with low-
temperature diffuse ﬂow to be 780 MW. Our estimation
of the contribution of heat output from the diffuse venting
sources to make the neutrally buoyant plume is less than
50% of the lower limit on the heat output by Schultz and
Elderﬁeld (1997). Lunel et al. (1990) reported that bottom-
water sampled approximately 50 m above the bottom and
140–200 m away from the TAG hydrothermal mound has an
anomalously higher Al concentration than the background.
Based on three-dimensional hydrothermal plume model-
ing that takes crossﬂow into account, Lavelle and Wetzler
(1999) suggested that the Al concentration anomalies could
be explained by a diffuse venting source that drifts horizon-
tally with ambient current.
Figure 5 shows a heat output model of the TAG hy-
drothermal mound by integrating the results of Goto et al.
(2003), Schultz and Elderﬁeld (1997), and this study. This
model indicates that whereas less than 50% of the heat
from low-temperature diffuse venting sources is incorpo-
rated into the TAG neutrally buoyant plume, the heat of the
remaining of 50% or more is dissipated by the ambient cur-
rent.
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